The emission spectra of TaN have been investigated in the region 3000-35 000 cm −1 using a Fourier transform spectrometer. The spectra were observed in a tantalum hollow-cathode lamp by discharging a mixture of 1.5 Torr of Ne and about 6 mTorr of N 2 . In addition to previously known bands, numerous additional bands were observed and assigned to a number of new transitions. The spectroscopic properties of the low-lying electronic states of TaN were also predicted by ab initio calculations. A 1 + state, with equilibrium constants of B e = 0.457 852 1(48) cm −1 , α e = 0.002 235 9(67) cm −1 , and R e = 1.683 099 9(88)Å, has been identified as the ground state of TaN based on our experimental observations supported by the ab initio results. The first excited state has been identified as the a 3 1 spin component at 2827 cm −1 above the ground state. To higher energies, the states become difficult to assign because of their Hund's case (c) behavior and extensive interactions between the spin components of the electronic terms. C 2002 Elsevier Science (USA)
INTRODUCTION
Transition-metal-containing molecules are of importance as catalysts in organic and organometallic chemistry (1) (2) (3) (4) (5) and their spectroscopic studies provide insight into chemical bonding in simple metal-containing systems (6) . Transition-metalcontaining species are also of astrophysical importance (7) (8) (9) (10) . Like many transition metal hydride and oxide molecules, diatomic transition metal nitrides are also potential candidates for discovery in the atmospheres of cool stars. However, precise spectroscopic data for many of these molecules are lacking, making a search in complex stellar spectra difficult.
Over the past several decades, considerable progress has been made toward understanding the electronic structure of transition-metal-containing molecules (11, 12) . The spectra of these molecules are usually complex because of the presence of a large number of electronic states derived from several closelying configurations. The presence of open d-shells gives rise to states with high spin and large orbital angular momenta, which are split by substantial spin-orbit interactions. Strong spin-orbit interactions limit the validity of the usual Hund's case (a) quantum numbers, and the electronic states have a tendency toward Hund's case (c) coupling. In such cases the subbands of a given electronic transition can be far apart and this creates problems in the electronic assignments. Many of the states and spin components perturb each other and provide impressively complex spectra. TaN is a very good example of such complexity. Although the visible bands of TaN have been known for decades the electronic states remain largely uncharacterized.
The electronic emission spectrum of TaN was first observed in the gas phase in 1975 (13) and a rotational analysis of a number
Supplementary data for this article may be found on the journal home page. states was the ground state of TaN. This work was followed by a matrix isolation study of TaN by Bates and Gruen (14) , who recorded the absorption spectrum of TaN isolated in an argon matrix at 14 K and suggested that a 1 + state was most likely the ground state of TaN, because the triplet bands did not appear in absorption. More recently the TaN molecule and its dinitrogen complexes were observed by Zhou and Andrews (15) in the reaction of laserablated tantalum atoms with nitrogen. The vibrational fundamental of 1058.8 cm −1 observed in solid argon (1060 cm −1 by Bates and Gruen (14) ) was empirically corrected to 1070 cm −1 for the estimated gas phase value.
In the present work we have recorded the high-resolution emission spectra of TaN in the region 3000-35 000 cm −1 using a Fourier transform spectrometer. In addition to the previously known bands, numerous new bands were observed and analyzed. Ab initio calculations have also been performed to predict the spectroscopic properties of the low-lying electronic states. The analysis of the observed bands and their electronic assignments based on our ab initio calculations will be presented in this paper. The ground state of TaN has been identified as a 1 + state based on our experimental observations and our ab initio results.
AB INITIO CALCULATIONS
Large-scale ab initio calculations have been performed on the valence electronic states of TaN lying less than 25 000 cm −1 above the ground state. Fourteen electronic states, corresponding to seven singlet, five triplet, and two quintet states, are predicted in this range. Their potential energy curves and the corresponding spectroscopic properties have been calculated using a CASSCF/CMRCI computational approach adopted with success in a series of studies on transition-metal-containing diatomic molecules such as nitrides (16) (17) (18) , oxides (19) , and chlorides (20, 21) . In brief, the procedure consists of a preliminary optimization of the molecular orbitals by state-averaged full-valence CASSCF calculations (22) , followed by an internally contracted multireference configuration interaction (CM-RCI) calculation (23) correlating all valence electrons. Davidson's correction (24) for four-particle unlinked clusters is added to the CMRCI energies. Quasi-relativistic Wood-Boring pseudopotentials are used on both atoms. They describe the 60 and the 2 core electrons of the Ta and N atoms, respectively (25, 26) . The valence double zeta basis sets (25, 26) consistent with the core potentials were augmented by a single Gaussian polarization orbital on each atom (an f -type function with an exponent of 0.8 on Ta and a d-type function with an exponent of 0.8 on N). The active valence orbital space is defined by the four σ , two π , and one δ molecular orbital arising from the 5d and 6s orbitals of Ta and the 2s and 2 p orbitals of N. The two σ and the π orbitals correlating to the 5s and 5 p orbitals of Ta, not involved in the core potential, are explicitly included in the variational procedure, but are kept doubly occupied in all wave functions. The size of the CASSCF (CMRCI) wave functions range from 3000 to 7500 (290 000 to 600 000) configuration state functions (C 2v symmetry) depending on the space and spin symmetries of the considered electronic states. All calculations were performed with the MOLPRO package (27) running on the Compaq alpha servers of the ULB/VUB computer center.
ELECTRONIC STRUCTURE OF TaN FROM AB INITIO CALCULATIONS
The potential energy curves of the 14 low-lying electronic states of TaN have been obtained from CMRCI calculations performed at a set of internuclear distances ranging between 1.5 and 2.2Å and separated by 0.05Å. Figure 1 shows the potential curves of the singlet, triplet, and quintet spin manifolds represented in separate panels. The energy scale is relative to the minimum energy of the X 1 + ground electronic state. The spectroscopic properties calculated from all these states are given in Table 1 , where the following properties are reported: the equilibrium internuclear distances R e , the harmonic frequencies at equilibrium ω e , and the term energies T 0 , corrected for the zero point energy contribution calculated within the harmonic approximation.
The analysis of the corresponding wave functions is provided in Tables 2 and 3 and the electronic structure of TaN is illustrated in Figs. 2 and 3 . Table 2 gives a list of 23 configurations, labeled from (A) to (W), which have a weight greater than or equal to 2% in the CMRCI wave functions. The configuration weights are calculated as the sum of the squares of the CI coefficients of CSFs belonging to the corresponding electronic configurations. The weights are reported in Table 3 for all 14 states. Table 2 characterizes the electronic configurations in terms of electron promotions with respect to the ground configuration, which is predicted by our calculations to be 1σ 2 2σ 2 1π 4 3σ 2 (configuration (A)), leading to the X 1 + ground state. Note that the numbering of the molecular orbitals refers to the valence orbitals only, which assumes a core of 70 electrons common to all configurations. 
a Configurations (A) to (G) are the main configurations in the low-lying states (weights greater than 70% in the corresponding wave functions). Configurations (H) to (W) are secondary configurations (see Table 3 ). Table 2 for the Configuration Labeling)
TABLE 3 Analysis of the CMRCI Wave Functions of TaN in Terms of Electronic Configurations (See

Electronic state
Weight a
a Weights (in percent) are obtained from the square of the corresponding configuration interaction coefficients; weights lower than 2% are not reported.
FIG. 2.
The electrostatic splitting of the low-lying electronic configurations of TaN from CMRCI calculations. All calculated states can be described mainly from the set of configurations (A) to (G) having a weight larger than 70% in the corresponding wave functions. All secondary configurations (H) to (W) have small weights (maximum of 6%). This means that no dramatic configuration mixing and no avoided crossings are encountered for the considered states. The complexity of the electronic structure of TaN comes, however, from the large number of states (11) within the range 18 000-25 000 cm −1 . One sees from Fig. 1 that only the three low-lying states are well separated. This is better illustrated in Fig. 2 , where the electrostatic splitting of the major configurations (A) to (G) is represented. This splitting can be explained from the molecular orbital diagram given in Fig. 3 . Energies and orbital shapes have been obtained from CASSCF calculations performed on the lowest electronic states in which these orbitals are actually occupied, i.e., the ground state for orbitals 1σ , 2σ , 1π , and 3σ and the 1 3 state for orbital 1δ. The orbital energy pattern of Fig. 3 suggests that the low-lying electronic states should arise from electronic excitations from the close-lying 2σ , 1π, and 3σ orbitals to the orbital 1δ. The virtual 2π and 4σ valence orbitals, not reproduced on the diagram, are lying at higher energies (0.2 and 0.34 a.u. from 1δ, respectively) and are not expected to contribute significantly to the electronic structure. This is actually confirmed by the calculations, as shown in Fig. 2 . The low level of mixing between major and secondary configurations in the wave functions (see Table 3 ) is another consequence of this orbital energy distribution, in particular from the quasi degeneracy of the (2σ , 1π , 3σ ) set of orbitals. As can be seen from Table 2 , configurations (H) to (W) involve multiply excited configurations (2 to 4 electron promotions) with weights of the same order of magnitude. A large energy gap is therefore expected between (A-G) and (H-W). As a proof, we have calculated the vertical term energies of some excited states lying above the 14 states considered. This calculation has been performed at the CASSCF level of theory and we found the values of 29 Table 1 ) for the 14 states below 25 000 cm −1 shows that the former values are overestimated by an amount varying between 1000 and 5000 cm −1 depending on the states considered. This gives an order of magnitude for the dynamical correlation energy contributions introduced by the large scale CMRCI approach. One can thus conclude that except for the 2 3 state, which could be close to the 25 000 cm −1 limit, all other states are predicted to be significantly higher.
Orbital shapes, obtained from the program Molden (28) and drawn in Fig. 3 , allow a qualitative description of the electronic structure, which can be summarized as follows: -1σ is a bonding combination of 5 p z (Ta) with 2s(N), with a minor contribution by 5d 0 (Ta), -2σ is a bonding combination of 5d 0 (Ta) with 2 p z (N), with a minor contribution by 6s(Ta), -1π is a bonding combination of 5d ±1 (Ta) with 2 p ±1 (N), -3σ is a nearly pure orbital on Ta in which 5d 0 and 6s are mixed, -1δ corresponds to the 5d ±2 orbital of Ta, -2π and 4σ are the antibonding counterparts of orbitals 1π and 2σ , respectively.
Complementary information is given by the Mulliken atomic population analysis of the CASSCF wave functions, from which one can quantify the number of electrons in s-, p-, and d-type atomic orbitals on both atoms and deduce the degree of ionicity, defined as Ta +δ N −δ . One obtains, for the three low-lying states: 
EXPERIMENTAL
The TaN molecule was made in a tantalum hollow-cathode lamp which was prepared by tightly inserting a solid tantalum metal rod into a 10-mm hole in a copper block. The metal was then bored through to provide a 1-mm-thick layer of Ta metal on the inside wall of the copper hole. The lamp was operated with a current at 560 V and 400 mA with a slow flow of a mixture of 1.5 Torr of Ne and about 6 mTorr of N 2 through the lamp. The emission from the lamp was observed with the 1-m Fourier transform spectrometer associated with the McMathPierce Solar Telescope of the National Solar Observatory.
The spectrum in the region 3000-10 000 cm −1 were recorded using a CaF 2 beam splitter, liquid-nitrogen-cooled InSb detectors, and a green glass filter by coadding 15 scans in 2 h of integration at a resolution of 0.02 cm −1 . For the region 9500-35 000 cm −1 the spectrometer was equipped with a UV beam splitter and midrange diode detectors. The spectra from 9500 to 19 500 cm −1 were recorded using a GG 495 filter by co-adding 15 scans in about 3 h and 15 min of integration and the spectra in the region 19 000-35 000 cm −1 were recorded using a CuSO 4 filter by co-adding 20 scans in about 2 h 20 min of integration. For both regions the spectrometer resolution was set at 0.02 cm −1 . In addition to the TaN bands, the observed spectra also contained Ta and Ne atomic lines and also some N 2 molecular bands.
The line positions were extracted from the observed spectra using a data reduction program called PC-DECOMP developed by J. Brault. The peak positions were determined by fitting a Voigt line shape function to each spectral feature. The spectra were calibrated using the measurements of Ne atomic lines made by Palmer and Engleman (29) . The absolute accuracy of the wavenumber scale is expected to be of the order of ±0.003 cm The precision of measurements for the weaker and overlapped lines is limited to ±0.005 cm −1 .
OBSERVATIONS AND ANALYSIS
In addition to the known bands from the previous gas phase study (13) , a number of additional bands have been observed over the entire region extending from 10 000 to 25 000 cm −1 . The lower (<10 000 cm −1 ) and the higher wavenumber (>25 000 cm −1 ) regions are overlapped by strong N 2 bands and no definite heads attributable to TaN were identified. The observed bands have been classified into four groups, as shown in the schematic energy level diagram provided in Fig. 4 . The lower states of the four group of bands have been assigned as the
1 v = 0 and a 3 2 v = 0. These assignments are supported by our ab initio calculations. There are a few additional isolated bands which have been rotationally analyzed but do not have rotational constants common to the bands falling in the four groups. Several badly perturbed bands still remain to be rotationally analyzed.
The branches in different bands were sorted using a color Loomis-Wood program running on a PC computer. This program was very helpful in identifying the lines particularly in the weaker and overlapped bands. The molecular constants were determined by fitting the observed line positions with the customary energy level expressions:
(for 1 + and higher states)
(for 1 states)
The blended and perturbed lines were given a reduced weighting and badly overlapped lines were excluded in order to improve the standard deviation of the fit. Since most of the excited states are affected by interactions with close-lying states, several higher order rotational and -doubling constants were required. In the final fits, the lower state combination differences from the strong and relatively unperturbed bands of that group were also included with higher weights. The line positions in the bands may be obtained from the authors upon request or from the supplementary data. The molecular constants obtained from the final fits are provided in Table 4 . and α e = 0.002 235 9(67) cm −1 for the X 1 + state. The predicted (15) vibrational interval is about 1070 cm −1 in the ground state. Unfortunately we could not find any 0-1 bands at this interval from the 0-0 bands of the four transitions of the first group. We are, therefore, unable to determine the gas phase vibrational interval for the ground state. (Fig. 4) . These bands have a common lower state which has been assigned as the v = 0 vibrational level of the 
Other Isolated and Unassigned Bands
There are several isolated bands which have been rotationally analyzed but whose electronic assignment remains uncertain. For example, a band near 23 164 has P, Q, and R branches with no combination defects. This band is free from perturbations and has a lower state constant of 0.4486 cm −1 . The lower state of this band may well be the v = 2 level of the a 
DISCUSSION
As has been mentioned by Bates (13) and also observed in the present work, the visible spectrum of TaN is very complex because of frequent perturbations which results in incomplete analysis of the bands. This has made the electronic assignment of the observed bands a challenging job. In our work we have been able to analyze a number of new bands which are relatively less affected by perturbations. The effects of interactions can clearly be seen from the constants of Table 4 , where the distortion constants for most of the excited states have abnormal magnitudes. By combining our experimental results with our ab initio calculations on the low-lying electronic states of TaN we have been able to draw some useful conclusions about the ground state and a few low-lying excited states. The observation of two intercombination transitions between the singlet and triplet states of TaN has provided a conclusive electronic assignment of the ground state. The experimental equilibrium constant of B e = 0.458 521(48) cm −1 for the ground state provides an equilibrium bond length of R e = 1.683 099 9(88)Å for the X 1 + state. This assignment is well supported by the ab initio calculations, which also predict a 1 + ground state with a bond length of R e = 1.706Å. This value also compares well with the value of R e = 1.690Å obtained using density functional calculations by Zhou and Andrews (15) in their laser ablation study of TaN. It is somewhat surprising considering the extensive interactions among the excited states that no lower state vibrational interval could be obtained from our spectra, indicating that all of the observed transitions (or subbands) are highly diagonal. This has been the case for the observed singlet as well as triplet transitions.
Our analysis locates, the a Even after the analysis of so many new bands, the assignment of the higher-lying excited electronic states remains very difficult. This is because of the Hund's case (c) behavior of these states. As predicted by the ab initio calculations there are 11 terms and some 27 spin components between about 18 000 and 25 000 cm −1 . If strong spin orbit coupling is introduced (ζ 5d for Ta is 1699 cm −1 (30) ) then many of the terms become heavily mixed and only remains a good quantum number. A particularly confusing aspect of the analysis is the vibrational assignment of the bands. Near the 0-0 bands of group I should lie the 1-1 bands of group II, but this is not the case. Some of the bands are missing because they are too heavily perturbed to be analyzed. Other bands are evidently shifted by electronic interactions that seem to preserve the diagonal character of the vibrational bands.
CONCLUSION
The emission spectrum of TaN has been investigated in the region 3000-35 000 cm −1 using a Fourier transform spectrometer. Many new bands were observed in addition to the previously known bands (13) and have been classified into four groups. A 1 + state has been assigned as the ground state of TaN based on our analysis and supported by our ab initio calculations. Also, a 3 1 state at 2827 cm −1 above the ground state has been identified as the first excited state of TaN. This assignment is also supported by our ab initio calculations. The higher wavenumber region has many singlet and triplet states that strongly interact with each other. Most of the excited states are thus affected by global and local perturbations. The observed excited states have been labeled with their -values, and in some cases even these values are not secure.
